Human granulocytic ehrlichiosis (HGE), a disease characterized by fever, lethargy, thrombocytopenia, and occasionally death (5, 6) , is caused by a tick-borne agent that is similar or identical to the veterinary pathogens Ehrlichia equi and Ehrlichia phagocytophila (4-6, 12, 16, 17, 23) . Sequencing of the 16S rRNA genes (2, 6, 24) and, more recently, the groESL operons (15, 25) of these organisms shows that their DNA is 98.9 to 99% identical in these conserved regions. Convalescent-phase sera from either HGE patients or animals infected or immunized with E. equi or E. phagocytophila all react with E. equi antigen in an indirect fluorescent-antibody assay (IFA) (9, 18, 20, 26) . Western blot analysis shows that the three organisms probably share related immunoreactive antigens, especially in the 42-to 49-kDa range (3, 9, 26, 28) .
In an effort to characterize the immunoreactive antigens of the HGE agent and to further analyze the genetic relatedness of the members of this granulocytic Ehrlichia (GE) genogroup, we have sequenced peptides derived from two GE proteins, of 43 and 45 kDa, and constructed and screened a genomic expression library made from the DNA of strain USG3 of the HGE agent (20, 27) . Previously, we reported the sequencing and immunoreactivity of three high-molecular-mass proteins encoded by this agent (24) . Here, we report the isolation of additional genes which appear to comprise a multigene family with homology to the msp-2 genes of Anaplasma marginale (22) . DNA sequencing, peptide sequencing, and Western blot analysis with GE-positive human and animal sera all indicate that the MSP-2 antigens of the HGE agent are highly immunoreactive and may be important diagnostic reagents for the detection of HGE.
MATERIALS AND METHODS
Isolation and purification of GE. GE strain USG3 was isolated and purified as described previously (20, 24, 27) .
Human sera. Serum samples were obtained from 11 Wisconsin and 8 Minnesota residents with PCR-and/or IFA-confirmed HGE during various stages of illness or convalescence. Three additional serum samples were obtained from Wisconsin residents who participated in an HGE seroprevalence study. All sera contained E. equi-reactive antibodies by polyclonal (immunoglobulin G [IgG] , IgA, and IgM) IFA (see Table 2 ). Two serum samples from patients diagnosed with Ehrlichia chaffeensis were also tested.
Peptide sequencing of immunoreactive proteins. Fifty microliters of a cocktail consisting of RNase (33 g/ml) and aprotinin (0.2 mg/ml) and 9 l of DNase (0.17 mg/ml) was added per 5 mg of USG3 pellet in buffer containing 2 mM MgCl 2 and 50 mM Tris-HCl (pH 7.5). Twenty microliters of 25ϫ Boehringer Mannheim protease inhibitor cocktail was added per 0.5 ml of cell suspension, and 2 l of a phenylmethylsulfonyl fluoride solution (1 M in dimethyl sulfoxide) was added just prior to USG3 disruption. Cells were disrupted at 30-s intervals for a total of 3 min in a Mini-Beadbeater cell disrupter, type BX-4 (BioSpec), agitated at room temperature for 30 min, and centrifuged at 15,000 ϫ g for 10 min. The pellet was suspended in Laemmli sample buffer, adjusted to 1.4 mg of sodium dodecyl sulfate (SDS) per mg of protein, and heated at 90 to 100°C for 5 min. The protein concentration was determined by bicinchoninic acid assay (Pierce Chemical Co., Rockford, Ill.). Electrophoresis was performed on an SDS-15% polyacrylamide gel, and proteins were transferred to a 0.2-m polyvinylidene difluoride membrane. Half of the blot was probed with anti-GE dog serum (6) , and the other half was stained with Ponceau S. Two protein bands which matched the molecular masses of the two most immunoreactive bands on the Western blot (43 and 45 kDa) were excised.
A portion of each band was used for direct N-terminal sequencing. The remaining material was digested with trypsin in situ, and individual peptides were separated by reverse-phase high-performance liquid chromatography on a ZORBAX C 18 (1-by 150-mm) column. The peptides were analyzed and screened by MALDI-TOF (matrix-assisted laser desorption ionization time-offlight) mass spectrometry. Sequencing of peptides was performed by Edman degradation (Harvard Microchemistry, Cambridge, Mass.).
Degenerate-primer PCR. Pools of degenerate oligonucleotides corresponding to the reverse translation of each sequenced peptide were synthesized. The reverse complement of each oligonucleotide was also synthesized, with the ex-ception of the one corresponding to the N-terminal peptide. PCR amplifications were performed with one forward and one reverse primer set using USG3 genomic DNA as a template and an annealing temperature of 55°C. Primer pairs gave either no PCR product or a single band. The primer pair that resulted in the longest product, 550 bp, consisted of the forward primer 5Ј ACNGGNGGNGC WGGNTAYTTY 3Ј (N-terminal peptide HDDVSALETGGAGYF) and the reverse primer 5Ј CCNCCRTCNGTRTARTCNGC 3Ј (peptide SGDNGSLAD YTDGGASQTNK). Sequencing of the PCR product was performed as described below.
Construction of a GE genomic library. Genomic DNA was isolated from purified USG3, mechanically sheared, and ligated to EcoRI linkers for expression library preparation. The library was prepared with the Lambda ZAP II vector (Stratagene, La Jolla, Calif.), as described previously (24) .
Preparation of screening sera. Mixtures of 100 g of purified heat-inactivated USG3 antigen were used to immunize goats. Goats received three subcutaneous doses of antigen at biweekly intervals. Serum was collected 2 weeks after the third immunization.
Expression screening of the genomic library. Bacteriophage were plated with XL1-Blue MRFЈ and induced to express protein with 10 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) (Sigma, St. Louis, Mo.). Proteins were transferred to nitrocellulose filters, and the filters were washed with TBS (25 mM Tris-HCl [pH 7.5], 0.5 M NaCl). Washed filters were blocked in TBS containing 0.1% polyoxyethylene-20-cetyl ether (Brij 58) and incubated with a 1:1,000 dilution of goat serum depleted of anti-E. coli antibodies. The filters were washed and incubated with rabbit anti-goat Ig horseradish peroxidase-conjugated antibody (1:2,000 dilution), rewashed, and developed with 4-chloronaphthol. Positive plaques were isolated, replated, and screened again. Plasmid DNA containing the putative recombinant clones was obtained by plasmid rescue (Stratagene).
DNA sequencing and sequence analysis. DNA sequencing of recombinant clones was performed by the primer walking method and with an ABI 373A DNA sequencer (ACGT, Northbrook, Ill.). Sequences were analyzed by using the MacVector (Oxford Molecular Group) sequence analysis program, version 6.0. The BLAST algorithm, D version 1.4 (13, 14) , was used to search for homologous nucleic acid and protein sequences available on the National Center for Biotechnology Information server.
PCR analysis of USG3 and HL60 DNA. PCR primer sets were designed based on the sequences of each GE clone and are as follows: E8 (forward, 5Ј GCGT CACAGACGAATAAGACGG 3Ј; reverse, 5Ј AGCGGAGATTACAGGAGA GAGCTG 3Ј), E46.1 (forward, 5Ј TGTTGAATACGGGGAAAGGGAC 3Ј; reverse, 5Ј AGCGGAGATTTCAGGAGAGAGCTG 3Ј), and E46.2 (forward, 5Ј TGGTTTGGATTACAGTCCAGCG 3Ј; reverse, 5Ј ACCTGCCCAGTTTCAC TTACATTC 3Ј). Each 50-l reaction mix contained a 0.5 M concentration of each primer, 1ϫ PCR Supermix (Life Technologies, Gaithersburg, Md.), and either 100 ng of USG3 DNA, 100 ng of HL60 DNA, or 250 ng of plasmid DNA. PCR amplification was performed under the following conditions: 94°C for 30 s, 61°C for 30 s, and 72°C for 1 min. After 30 cycles, a single 10-min extension at 72°C was done. PCR products were analyzed on 4% Nusieve 3:1 agarose gels (FMC Bioproducts, Rockland, Maine).
Western blot analysis. Individual recombinant plasmid-containing cultures were induced to express protein with 5 mM IPTG. Bacterial cells were pelleted by centrifugation and resuspended in 5ϫ Laemmli buffer (12% glycerol, 0.2 M Tris-HCl [pH 6.8], 5% SDS, 5% ␤-mercaptoethanol) at 200 l per 1 optical density unit of culture. Samples were boiled and 10 l of each sample was analyzed on NuPage or Tris glycine gels (Novex, San Diego, Calif.). Proteins were transferred to nitrocellulose filters, the filters were blocked in TBS-Brij 58, and the blots were probed with either a 1:500 dilution of pooled sera from dogs that had been infected with GE by tick exposure (7), a 1:500 dilution of the goat serum described above, or a 1:1,000 to 1:5,000 dilution of human serum. Blots were washed and incubated with horseradish peroxidase-conjugated secondary antibody (Bio-Rad, Hercules, Calif.). After several additional washes, the blots were developed with the Pierce Super Signal chemiluminescence kit and viewed by autoradiography.
Southern blot analysis. Digoxigenin-labeled probes were prepared by PCR with the PCR Dig Probe Synthesis kit (Boehringer Mannheim). Two sets of primers were used to generate a 240-bp product (probe A) from the 5Ј end of the E8 gene (forward primer, 5Ј CATGCTTGTAGCTATG 3Ј; reverse primer, 5Ј GCAAACTGAACAATATC 3Ј) and a 238-bp product (probe B) from the 3Ј end of the E8 gene (forward primer, 5Ј GACCTAGTACAGGAGC 3Ј; reverse primer, 5Ј CTATAAGCAAGCTTAG 3Ј). Genomic DNA was prepared from USG3 or HL60 cells as described above, and aliquots of 0.6 g of DNA were digested with SphI, NdeI, SacI, or SspI (New England Biolabs, Beverly, Mass.). These restriction endonucleases do not cut within the sequence of E8 msp-2A. Calf thymus DNA was digested identically, as a control. Recombinant pBluescript E8 plasmid DNA was digested with EcoRI and used as a positive control for probe hybridization. Digested fragments were separated by gel electrophoresis in a 1% agarose gel. Southern blotting was performed under prehybridization and hybridization conditions of 65°C in Dig Easy Hyb (Boehringer Mannheim), and hybridization was performed overnight. Two membrane washes in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS were performed at room temperature for 5 min each, followed by two washes in 0.5ϫ SSC-0.1% SDS at 65°C for 15 min each. Bound probe was detected by chemiluminescence with anti-digoxigenin alkaline phosphate-conjugated antibody (Boehringer Mannheim).
Cloning and expression of recombinant GE MSP-2B. PCR amplification of the first gene in pBluescript clone E46 was performed to generate an insert for subcloning in E. coli. Primer sets were designed to contain restriction sites for cloning, a translation termination codon, and a six-residue histidine sequence for expressed protein purification (forward, 5Ј CCGGCATATGCTTGTAGCTAT GGAAGGC; reverse, 5Ј CCGGCTCGAGCTAGTGGTGGTGGTGGTGGTG AAAAGCAAACCTAACACCAAATTCCCC). The 100-l reaction mix contained 500 ng of each primer, 500 ng of E46 template, and 1ϫ PCR Supermix (Life Technologies). Amplification was performed under the following conditions: 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min. After 37 cycles, a single 10-min extension at 72°C was performed. Following analysis on a 1% Trisborate-EDTA agarose gel, amplified product was purified by using a QIAEX II gel extraction kit (Qiagen Inc., Chatsworth, Calif.) and digested with restriction enzymes NdeI and XhoI (New England Biolabs) under the manufacturer's recommended conditions. The 1,004-bp fragment was ligated into NdeI-and XhoIdigested pXA and transformed into E. coli MZ-1 (19) . Expression vector pXA is a pBR322-based vector containing the bacteriophage lambda pL promoter, a ribosome binding site, an ATG initiation codon, and transcription and translation termination signals. Recombinant MSP-2B was induced by growing the MZ-1-transformed clone to an A 550 of 1.0 at 30°C and then shifting the temperature to 38°C for an additional 2 h. Aliquots (1.5 ml) of preinduced and induced cells were pelleted by centrifugation and resuspended in 5ϫ Laemmli buffer.
Nucleotide sequence accession numbers. The nucleotide sequences of the genes described here have been assigned the following GenBank accession numbers: GE msp-2A, AF029322; GE msp-2B and GE msp-2C, AF029323.
RESULTS
Protein analysis and peptide sequencing of immunoreactive USG3 antigens. Immune sera from either animals or humans exposed to the HGE agent recognize several immunoreactive antigens by Western blotting (24) (see Fig. 1 and 7 , lanes GE). To determine the identity of the immunoreactive GE proteins in the 42-to 45-kDa range, samples of purified USG3 were prepared and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). The proteins which comigrated with two immunoreactive proteins of approximately 43 and 45 kDa (indicated in Fig. 1 by double arrows on the left) were excised. A portion of each protein sample was used for N-terminal sequencing, and the remaining protein was used for internal peptide sequencing. An N-terminal peptide and two internal peptides were obtained for each protein (Table 1 ). The results showed that the N-terminal peptides from the two proteins are identical. A BLAST homology search showed that two of the internal peptides from the 43-kDa protein are homologous to the MSP-2 proteins of A. marginale, a rickettsial hemoparasite (22) which is phylogenetically closely related to GE (9) . To obtain additional sequence information for these proteins, degenerate pools of oligonucleotides were synthesized based on the reverse translation of the peptide sequences and were used to amplify DNA from USG3. The combination of the forward primer based on the N-terminal peptide and the reverse primer based on the 45-kDa peptide SGDNGSL. . . (Table 1 ) produced a PCR product of 550 bp. This DNA was sequenced and found to contain an open reading frame encoding a product with homology to the MSP-2 proteins of A. marginale (Fig. 2) . Two other peptides, one from the 45-kDa protein and one from the 43-kDa protein, were also contained within this sequence. PCR of USG3 genomic DNA with degenerate primers reverse translated from these peptide sequences produced DNA products of the sizes expected based on the locations of the peptide-coding regions within the gene (data not shown). The similarity in protein sequence between the two immunoreactive 43-and 45-kDa proteins may indicate that they are differentially modified or processed versions of the same protein or that they represent proteins expressed from two different members of a gene family.
Isolation of recombinant clones identified with serum from USG3-immunized goats. A goat serum reactive against proteins of the HGE agent was obtained by immunizing animals three times with purified USG3 antigen. Western blot analysis showed that many proteins of various molecular mass were recognized by this serum, including the 43-and 45-kDa proteins (Fig. 1, lane GE) . The USG3 genomic expression library was screened with immune goat serum, and several immunoreactive plaques were identified for further analysis. To eliminate clones previously isolated with immune dog sera, phage supernatants from the plaques were screened by PCR with primers based on the sequences of those previously identified clones (GE ank, GE rea, and GE gra [24] ). pBluescript plasmids were rescued from the remaining clones, and they were assessed for relatedness by restriction enzyme analysis. Two clones, E8 and E33, appeared to contain similar inserts in opposite orientation from the lacZ promoter. Two other clones, E46 and E80, had restriction enzyme fragments in common, but E46 contained a larger insert than E80.
DNA sequencing and database analysis of recombinant clones. Three clones, E8, E33, and E46, were sequenced by the primer walking method. Both strands of each insert were sequenced. The sequences of the three clones had considerable homology. The E8 clone contained a larger version of the E33 insert but in opposite orientation with respect to the lacZ promoter (Fig. 3) . Both clones contained the same open reading frame, but E33 was missing 420 nucleotides from the 5Ј end of the gene. The deduced amino acid sequence of the E33 open reading frame was in frame with the partial ␤-galactosidase amino acid sequence encoded by the vector (data not shown). The nucleotide and deduced amino acid sequences of the pBluescript E8 insert (which did contain the entire gene) are shown in Fig. 4 . The predicted molecular mass of the protein encoded by this gene is 45.9 kDa.
The E46 insert contained one partial and two complete open reading frames which all had considerable homology with the protein encoded by the E8 gene. Figure 3 shows how the DNA sequences (plus and minus strands) and deduced amino acid sequences from E46 compare with those from E8 and E33. The boxed regions represent the open reading frames, and shaded areas indicate homologous sequences. All three of the complete genes showed similar patterns for the encoded proteins: a variable domain flanked by conserved amino-and carboxyterminal regions. The lengths of the conserved regions varied among the encoded proteins, with the longest amino-and carboxy-terminal conserved regions present in the E8 protein.
The sequences present in the E8, E33, and E46 pBluescript plasmids were confirmed to be derived from USG3 genomic DNA and not HL60 DNA by PCR analysis with the primers described in Materials and Methods (data not shown).
When the sequences of the three full-length genes isolated by expression library cloning were compared with the sequence of the PCR product derived from the peptide analysis, it was found that the PCR fragment was contained within the E8 sequence, bp 232 to 760 (Fig. 4) . In fact, the N-terminal peptide and all four internal peptides sequenced from the 43-and 45-kDa proteins were found within the amino acid sequence of the E8 protein. The sequenced peptides are underlined in Fig.  4 . The N-terminal peptide (HDDVSALE. . .) was found beginning at amino acid 27; this may indicate that the first 26 amino acids are part of a signal peptide which is cleaved to produce the mature protein.
Since the PCR product had both nucleotide and amino acid homology to the A. marginale msp-2 gene family, a BLAST homology search was performed to assess the relatedness of the E8 and E46 gene products to this family as well. Strong matches for all of the GE proteins described here to the A. 50% between the proteins of the two species, and amino acid similarity was close to 60%. The A. marginale MSP-2 proteins contain signal peptides (22) , and the data indicating that GE MSP-2A has a signal peptide is consistent with the homology observed between the MSP-2 proteins of the two species.
Southern blot analysis of GE msp-2 sequences. To determine whether additional copies of msp-2 were present in the genome, genomic DNA was isolated from USG3 and digested with restriction enzymes. Digested DNA was Southern blotted to nylon membranes and probed with either probe A (derived from the 5Ј-terminal conserved region of E8 msp-2A) or probe B (from the 3Ј-terminal conserved region of E8 msp-2A). HL60 DNA was digested in the same way and used as a negative control. The restriction enzymes SphI, NdeI, SacI, and SspI were chosen because they do not cut within the msp-2A, msp-2B, or msp-2C sequences. Figure 6 shows that multiple bands were present on Southern blots with both probes, indicating the presence of multiple msp-2 copies. The exact number of genes cannot be determined since sequence differences may generate additional restriction enzyme sites in some of the msp-2 copies, resulting in more than one band from a single copy. Also, more than one msp-2 gene might be present on a single restriction fragment, an event which does occur with the msp-2B and msp-2C genes.
Western blot analysis of proteins encoded by GE clones. Bacterial lysates from the genomic library clones E8, E33, and E46 were analyzed by SDS-PAGE and Western blotting. The blots were probed with either pooled sera from dogs that were infected with GE by tick exposure (7) or with the goat serum used to screen the library. Figure 1 shows that a protein of approximately 37 kDa from the E46 clone, a 45-kDa protein from the E8 clone, and a 34-to 36-kDa protein doublet from the E33 clone were specifically detected by dog and goat sera (indicated by arrows on the right side of each blot). The reactivity of the sera differed somewhat in that the dog sera reacted much better than the goat sera with the E46 protein and the goat sera had better reactivity to the E8 and E33 proteins. Whether the 37-kDa E46 protein is encoded by the first or second E46 gene is unknown, and the reason for the expression of two closely sized immunoreactive E33 proteins is also un- clear. Preimmune sera did not detect these proteins (data not shown), and expression was observed in the absence of IPTG induction. The molecular mass of the proteins is consistent with the coding capacity of the msp-2 genes found in the library clones. The negative control (Fig. 1, lane NEG) was a pBluescript library clone without an insert. Figure 1 also shows a couple of proteins of smaller molecular masses from E46, E33, and E8 that react specifically with the goat serum. It is not known whether they are breakdown products of the full-length MSP-2 proteins or whether they are produced by internal initiation within the msp-2 genes.
Recognition of MSP-2A and MSP-2B by GE-positive human sera. Since expression levels of the GE MSP-2A and MSP-2BC proteins from the library clones E8 and E46 were quite poor ( Fig. 1 ; also data not shown), the coding regions for MSP-2A and MSP-2B were recloned with a heat-inducible E. coli expression system. Expression of the MSP-2A protein with this system remained low and appeared to be toxic to the cells. FIG. 6 . Southern blot analysis of msp-2 in USG3 genomic DNA. Genomic DNA from USG3 or HL60 cells was digested with the restriction enzymes indicated above the lanes and Southern blotted. EcoRI-digested E8 plasmid DNA was used as a positive control for probe hybridization, and calf thymus DNA (CT) was used as a negative control. The blots were hybridized with digoxigenin-labeled probe A (5Ј end of E8 msp-2A) or probe B (3Ј end of E8 msp-2A). However, the recombinant MSP-2B protein was expressed and detected with both dog and goat GE-positive sera and visualized by Coomassie blue staining (data not shown).
The recombinant MSP-2B protein and the E33 MSP-2A protein (which was expressed in E. coli at a higher level than E8 MSP-2A [ Fig. 1 ] but was not detectable by Coomassie blue staining [data not shown]) were then tested for reactivity with human serum samples which had previously been shown to be positive for GE by IFA. Table 2 shows the patient profiles and diagnostic laboratory results from 24 individuals. Twenty of these individuals were clinically diagnosed with HGE (patients 1 to 9, 13, and 15 to 24), three of them participated in a seroprevalence study (patients 10 to 12), and one was a negative control (patient 14). Three additional serum samples not shown in the table, two E. chaffeensis-positive sera and one negative serum sample, were also tested. Figure 7 shows the reactivity of 12 of these human serum samples with purified USG3 (lanes GE) and lysates from a pBluescript clone with no insert (lanes NEG), MSP-2B (lanes 2B), and MSP-2A (lanes 2A). Western blot results for all human sera listed in Table 2 are indicated in the last column of the table. Of the 23 E. equi IFA-positive sera, 17 reacted with purified GE (predominantly 34-, 43-, and 45-kDa proteins) and MSP-2B ( Fig. 7 ; Table 2 ). Most of these also recognized MSP-2A, although the reactivity was much less than for MSP-2B, probably due in part to its lower expression level. Some of the sera had high E. coli reactivity (Fig. 7, panels 1 and 8) , which may have obscured reactivity to MSP-2A. One additional serum sample (from patient 20) reacted weakly with purified GE but did not detect MSP-2B or MSP-2A (data not shown). All of the negative control samples, including the E. chaffeensis sera, were negative in the Western blot assay (Fig. 7, panels 14 and EC). From these data, it appears that IFA may be more sensitive than Western blotting for diagnosis of HGE. However, the use of purified recombinant proteins would allow longer exposure times and increased sensitivity.
DISCUSSION
The ability to grow the agent of HGE in cell culture (11, 20, 27) has made it possible to characterize the organism for its important antigens and for its phylogenetic relationships to other obligate intracellular rickettsiae. Phylogenetic analyses have historically been based on 16S rRNA gene sequences and show that the HGE agent, E. equi, and E. phagocytophila form a distinct genogroup (2, 6) . The same analysis indicates that A. marginale, currently classified in another genus (8) , also groups with GE. A recent study comparing the sequences of the groESL heat shock operons in the GE genogroup (25) showed that they were very similar (99.9 to 99.0% identity). However, variations in less conserved genes, such as those encoding surface proteins, may be more important in elucidating subtle differences between the organisms which impact host range and disease patterns.
In a previous study we reported the sequences and immunoreactivity profiles of three potential surface proteins from the HGE agent found by screening a genomic expression library with convalescent dog sera (24) . In this study we describe three other genes which appear to be part of a multigene family. These genes were identified both by expression library screening and by peptide sequencing of immunoreactive proteins in the 43-to 45-kDa range. Sequence analysis of the three full-length genes revealed that the encoded proteins contain highly homologous amino-and carboxy-terminal regions related to the MSP-2 proteins of A. marginale.
In addition to the three full-length and one truncated msp-2-like genes reported here, there are likely to be others present in the genome of the HGE agent. Hybridization studies using probes from either the 5Ј or 3Ј end of the E8 msp-2 gene identified multiple copies of homologous msp-2 genes in the genome of strain USG3 of the HGE agent. Sequencing of several other GE library clones has revealed short (100-to 300-nucleotide) stretches of DNA homologous to msp-2 (18a). Because of the possible polymorphism in restriction sites and the possibility that several msp-2 genes may be present on the same restriction fragment, it is difficult to determine the exact number of copies of this gene in the HGE agent genome. Several different MSP-2 proteins ranging in size from 33 to 41 kDa have been reported for A. marginale (22) , and Ͼ1% of its genome may consist of msp-2 (22) .
Analysis of human sera from patients recovering from HGE or sera from animals infected with GE shows that a 44-kDa protein and often a 42-kDa protein are detected on Western blots using E. equi antigen (3, 9, 26) . Using six different cell culture isolates of the HGE agent, Zhi et al. (28) found that FIG. 7 . Western blot analysis of purified GE, MSP-2B, and MSP-2A with HGE patient sera. Bacterial cultures of E4 (no plasmid insert [NEG]), E33 MSP-2A and MSP-2B, and a sample of purified GE were analyzed by SDS-PAGE, and the proteins were transferred to nitrocellulose blots. The blots were probed with the patient sera described in Table 2 . The number above each blot corresponds to the patient number given in Table 2 . The last blot was probed with an E. chaffeensis-positive serum sample (EC). Molecular size markers are given on the left side of each blot and correspond to molecular masses of 250, 98, 64, 50, 36, and 30 kDa (from top to bottom). The arrows show the positions of the MSP-2 proteins. the molecular sizes and numbers of major antigens varied among the isolates but that most had one or two immunodominant antigens of 47 and 49 kDa. One isolate had a major antigen of 43 kDa. The USG3 isolate (provided by our laboratory) was also analyzed by Zhi et al. (28) and was found to have a 49-kDa immunodominant protein. This protein likely corresponds to the 45-kDa protein described in this study since the same cell line and dog antisera were used for analysis. Differences in apparent molecular mass are probably due to the different gel systems and SDS-PAGE standards used. We have found that there are at least two proteins from USG3 in this 43-to 45-kDa region which can be resolved under different SDS-PAGE conditions. Both the DNA and peptide sequencing results presented in this paper support the conclusion that these immunoreactive antigens of the HGE agent are likely to be the GE MSP-2 proteins. Recombinant versions of these proteins expressed in E. coli are recognized by a majority of HGE patient sera. This number could potentially be improved both by increasing the expression of recombinant protein (in particular, MSP-2A) and by purification of these proteins. The fact that the MSP-2 antigens are encoded by a multigene family would explain the molecular mass polymorphism observed for different isolates. Multigene families and polymorphism of surface antigens have also been described for A. marginale (1, 22) and E. chaffeensis (21) , two related rickettsiae.
The function of the GE MSP-2 proteins is unknown. Zhi et al. demonstrated that the antigens are present in outer membrane fractions of purified ehrlichiae (28) . Thus, they may play a role in the interaction between the pathogen and the host cell. In A. marginale, expression of antigenically unique MSP-2 variants by individual organisms during acute rickettsemia in cattle suggests that the multiple msp-2 gene copies may provide a mechanism for evasion of the protective immune response directed against these antigens (10) . This may explain the observation that the GE MSP-2A protein is present in purified USG3 but MSP-2B and MSP-2C are not. These antigens may be expressed only after natural or experimental infection. Whether such a mechanism for immune evasion exists for the agent of HGE, and the impact this would have on vaccine development for this disease, awaits further study of the organism.
